Introduction
In general, wet-chemistry pretreatment is commonly needed for geological samples, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] because common inductively coupled plasma optical emission spectrometry (ICP-OES)/mass spectrometry (MS) are equipped with a liquid sample introduction system. Solid samples need to be processed into liquid samples. It is well known that HF-HNO3-HCl-HClO4 is usually used to attack geological samples in wet chemistry digestion, for example, rock, sediment and soil. Because these samples contains large amounts of silicon, hydrofluoric acid must be used in the process due to its special attacking ability for silicon. Hydrofluoric acid attacks geological samples by reaction with silicon dioxide to form gaseous or water-soluble silicon fluorides.
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However, hydrofluoric acid is also a highly corrosive liquid and is a contact poison. 12 It should be handled with extreme care, beyond that accorded to other mineral acids. Owing to its low dissociation constant, HF as a neutral lipid-soluble molecule penetrates tissue more rapidly than typical mineral acids. Because of the ability of hydrofluoric acid to penetrate tissue, poisoning can occur readily through exposure of skin or eyes, or when inhaled or swallowed. Symptoms of exposure to hydrofluoric acid may not be immediately evident. HF interferes with nerve function, meaning that burns may not be painful initially. Accidental exposures can go unnoticed, delaying treatment and increasing the extent and seriousness of the injury. [12] [13] [14] Thus, a great deal of research have been conducted to find a substitute reagent. Ammonium fluoride was regarded as an appropriate substitute compound for hydrofluoric acid. For one reason, ammonium fluoride can supply a fluorinating agent. On the other hand, ammonium fluoride as a neutral substance has low toxicity and corrosivity. Mariet and Hu 15, 16 used ammonium fluoride instead of hydrofluoric acid as the fluorinating agent to digest geological samples prior to ICP-MS analysis. Mariet reported detection of 25 elements: including Sc, Cr, Co, Ni, Zn, As, Rb, Sr, Mo, Sb, Cs, Ba, La, Ce, Nd, Sm, Eu, Gd, Tb, Yb, Hf, Ta, Pb, Th and U. 15 Hu et al. reported determination of 32 elements: including Li, Sc, V, Co, Ga, Rb, Sr, Y, Zr, Nb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Hf, Ta, W, Tl, Pb, Th and U. 16 However, major elements and some minor elements were not determined and the digestion effect of ammonium fluoride on major elements in geochemical samples was not investigated.
In this work, the digestion effect of ammonium fluoride on geochemical samples was investigated for further study. Not only trace and ultra-trace rare elements but also major elements, such as Al, Ca, Mg, Fe, Na, and K were investigated. By optimizing experimental conditions including decomposition time, temperature, the amount of ammonium fluoride, and reagent ratio for nitric acid/ammonium fluoride, it was found that the use of ammonium fluoride instead of hydrofluoric acid allowed for good recovery rates for not only 39 micro elements In this work, the effects of ammonium fluoride on the decomposition of geochemical samples were investigated by analyzing some certified reference materials (CRM). The major and minor elements were detected by inductively coupled plasma optical emission spectrometry (ICP-OES), while trace and ultra-trace elements were analyzed by inductively coupled plasma mass spectrometry (ICP-MS). Decomposition time, temperature and the amount of ammonium fluoride were studied in detail. In the process of sample decomposition, on one hand, ammonium fluoride was used as the fluorinating agent because ammonium fluoride can be dissociated under acid medium to yield fluoride ions to attack silicon compound effectively. On the other hand, ammonium fluoride was used as a latent solvent since ammonium salt may dissolve insoluble fluorine compounds. The removal of insoluble fluorine compounds decreased the memory effect on digestion vessels caused by fluoride coprecipitation. By testing CRMs and many real samples, it was found that trace and ultra-trace elements could be digested using ammonium fluoride instead of hydrofluoric acid and the dissolution ratios of major and minor elements, for example Al, Ca, Mg, Fe, Na and K, improved noticeably. Moreover, the use of ammonium fluoride instead of hydrofluoric acid contributes to a greener environment and safer for operators. (Li, Be, Rb, Sc, Co, Cu, Y, V, Zn, Nb, Zr, Ga, Mo, Cd, In, Sn, Cs, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Tl, Pb, Bi, Th and U), but also resulted in improved recovery for 11 major elements, namely Al, Ba, Ca, Fe, K, Mg, Mn, Na, P, Sr and Ti.
Based on the analysis of a large amount of real samples and some certified reference materials (CRMs) and comparison with hydrofluoric acid digestion and X-ray fluorescence spectrometry analysis (XRF), it is concluded that ammonium fluoride could be substituted for hydrofluoric acid in geochemical sample digestion. This suggests the use of ammonium fluoride instead of hydrofluoric acid could yield better dissolution rates for insoluble fluoride.
Experimental
Reagents NH4F, HF, HCl and HNO3 (GR, guarantee reagent) were purchased from Xi'an Chemical Reagent Factory (China). Compressed argon gas of 99.999% purity and compressed P-10 gas (Ar 90% + CH4 10%) of N-50 purity (99.999%) were used as carrier gas. Water with a resistivity of 18.2 MΩ cm -1 was obtained with a USA Millipore water purification system. The multi-element standard stock solutions were purchased from SPEX CertiPrep (USA). Calibration standards were freshly prepared by appropriate dilution of the stock solution.
Instrument
An Agilent 7700x ICP-MS (USA) equipped with a concentric nebulizer (Glass Expansion, Inc., West Merbourne, Australia), a Scott-type double pass spray chamber (Glass Expansion, Inc., West Merbourne, Australia) and an octopole reaction cell (ORS) was used for detecting trace and ultra-trace elements. Spray chamber temperature was precisely maintained with a thermoelectric (Peltier) device. The instrument is located in a class 1000 cleanroom. All sample handling prior to analysis are performed under class 100 conditions.
The determination of major and micro elements was carried out on a Thermo Jarrell Ash (Franklin, MA) IRIS inductively coupled plasma optical emission spectrometer. This equipment has an echelle-based optical system with a charge injection device (CID) detector comprising of 262 144 pixels in a 5126512 array. The wavelength coverage is 167 -800 nm.
A wavelength-dispersive sequential X-ray fluorescence spectrometer (Rigaku ZSX Primus II, Japan) equipped with an end-window 4 kW Rh X-ray tube was used to measure insoluble fluoride at the bottom of digestion vessels. The detectors used were a scintillation counter and a gas flow proportional counter in which a flow of P-10 gas (argon 90% and methane 10%) was supplied at 50 cm 3 min -1 . Specimens were spun at 30 rpm for routine analysis. The operating parameters for the three instruments are given in Table 1 .
Sample pretreatment
Samples were dried at 105 C for 1 h. After cooling, the dried samples were ground to 200 mesh using an agate mortar and 0.2500 g powdered sample was then weighed into a polytetrafluoroethylene (PTFE) vessel. Five hundred microliters of HNO3 and 0.25 g of NH4F were added to each vessel. The sealed vessel was then heated in an electric oven at 185 C for 16 h. After cooling, the vessel was placed on a hot plate to heat until the residues became wet and salt-like. Five hundred microliters of 0.1 g/mL NH4F-HNO3 solution was added and evaporated to dryness. Two milliliters of 50% aqua regia 17 was added to the vessel, which was then tightly sealed with a screw cap and heated on a hotplate at 135 C for 2 h to dissolve the residue. The solution was allowed to cool and then was made up to 25 ml by addition of ultra-pure water in a polypropylene bottle.
Results and discussion

Determination of the amount of nitric acid
Three Chinese CRMs, GSR-1 (rock), GSD-6 (sediment), and GSS-6 (soil) were used to test the digestion capacity of NH4F. Samples of 25 mg were selected and used throughout the experiment. Different amounts of nitric acid, 0, 0.25, 0.5, 1.0, and 2.5 mL were used to decompose of samples adding the Fig. 2 The amount of NH4F. Abscissa represents the amount of NH4F. Vertical axis is the ratio of measured value to certified value. The amounts of HNO3 and CRMs are 0.5 mL and 25 mg, respectively. same amount of NH4F (250 mg). Major and minor elements were determined by ICP-OES. Trace and ultra-trace elements were analyzed by ICP-MS. The results are shown in Fig. 1 . Based on these results, we concluded that 0.5 -1.0 mL HNO3 yielded the best results. The recovery rate was between 90 and 110%. The amount of nitric acid had little effect on GSD-6 and GSS-6. However, mall and large amounts of nitric acid resulted in lower recoveries for Hf and Zr in GSR-1 than medium amounts of nitric acid. When the added amount of nitric acid was between 0.25 and 1.5 mL, the recovery rates for GSR-1 were stable.
Determination of the amount of NH4F
Samples of 25 mg and 0.5 mL nitric acid were selected and used throughout the experiment. Different amounts of NH4F, 0.05, 0.1, 0.25, and 0.5 g were used to decompose samples according to Section 1.3. Major elements in the obtained solution were determined by ICP-OES and others were detected by ICP-MS. Figure 2 shows the recoveries (in comparison with reference values) of nine trace elements (Al, Ba, Ca, Fe, Mg, Na, Zr, Be and Hf) for GSR-1, GSD-6 and GSS-6 as a function of the added NH4F amount. The variation between measured results and reference values was normally within 20% in the presence of 0.10 to 0.30 g of NH4F. Thus, 0.25 g was selected as the optimum amount of NH4F.
Effect of decomposition time and double-digestion
The effect of decomposition time on analytical results for the nine elements in GSR-1, GSD-6 and GSS-6 at a temperature of 185 C is illustrated in Fig. 3 . The results show that the ratio of digestion increased along with decomposition time. When decomposition time was longer than 10 h, the dissolution amount of the nine elements remained stable. As a conservative measure, 12 h of digestion was selected in the route sample analysis.
In general, after geological samples were digested by high press bomb and evaporated to incipient dryness, double high press bomb digestion must be done in order to effectively extract elements from the residue. 2 In this work, 2 mL of 50% (v/v) aqua regia was used as an extraction reagent in double high press bomb digestion. Under 135 C, time of double high press bomb digestion was investigated. As seen from Fig. 4 , when the time was longer than 2 h, the recoveries of the nine elements were stable. However, the recoveries of Al, Ba and Zr were lower than 70% if double high press bomb digestion was not performed.
Method detection limits, reproducibility and accuracy
According to the definition of IUPAC, the limit of detection (LOD) of this method is equal to 3×standard deviation/sensitivity (confidence level 99.6%). Detection limits were calculated and listed in Table 2 . Method reproducibility and accuracy were evaluated by analyzing CRMs, GSR-1, GSD-6 and GSS-6. The results are listed in Table 3 . According to Chinese Specification of testing quality management for geological laboratories, 18 logarithmic difference was used to evaluate accuracy for analyzing CRMs. As seen from results, 26 data were out-of-tolerance of 150 data in total. An accuracy rate of 82% satisfied the limit value of 80%. For precision of NH4F method, RSDs for five determinations were lower than 5% in addition to several elements with low contents.
Determination of real samples
The proposed method was applied to analyze 35 real geological samples, including rock, sediment and soil collected in Southwest China, and the results were compared with those Note: The times of determination is five; the unit is % for the elements noted with '*', and ppm for the others.
obtained by the conventional HF method for trace elements and by XRF for Al, Fe, K, Na, Ca and Mg. It was found that the results of high content for Al, Ca, Mg and Fe were lower than certified values or data obtained by XRF, while other micro and trace element results showed no significant difference. The results by NH4F method were an obvious improvement compared to better than the HF method.
According to Chinese Specification of testing quality management for geological laboratories, 18 mean relative deviation was used to evaluate differences between the two kinds of methods. As seen from the results, 133 data were out-of-tolerance of 1750 data in total. An accuracy rate of 92% satisfied the limit value of 80%.
Conclusion
The proposed NH4F-assisted digestion method is practical and effective, and has the advantages of lower toxicity of materials and cost in the pretreatment of geological samples, compared with the traditional HF digestion method. In this method, NH4F was used as the fluorinating agent for the decomposition of geochemical samples.
